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Abstract 
 
PetroCedeno Field is an extra heavy oil field located in the Zuata region of the Orinoco Oil Belt in 
Venezuela. The main challenge of the field is to produce a very viscous oil (1500 cp-5000 cp) at reservoir 
conditions. Expected final recovery factor with primary recovery process is low (between 4% and 6%); 
thereby an enhanced recovery process is planned with polymer injection. The purpose of polymer 
flooding is to decrease the mobility ratio between the displacing phase (the polymer solution) and the 
displaced phase (the crude oil). Polymer injection can significantly increase oil production; however, its 
application is a challenge for such oil viscosity. Pelican Lake field, an analogue field of PetroCedeno, has 
experienced successful polymer flooding during a field test. Core experiments with polymer injection 
performed for PetroCedeno field showed excellent oil recovery (~60% after 1.66PV injected). Hence, a 
pilot test is planned in 2013 in one cluster of the field to prove benefits expected from polymer injection 
and to evaluate impact of physical phenomena linked to polymer injection.  
This paper presents the main results of the simulation of polymer injection in the simulation model of 
the pilot cluster. Data from laboratory experiments are incorporated into the reservoir model. Effects of 
important parameters linked to polymer injection are studied through an exhaustive sensitivity study. 
Physical phenomena such as non-Newtonian polymer fluid behaviour, polymer retention in porous 
media, reduction of relative permeability and porosity, and geomechanical impact in the reservoir rock 
are assessed. In all cases, polymer injection shows significant oil rate improvement and reduction of 
water cut. Polymer solution shear-thinning behaviour and polymer retention in porous media have a 
negligible impact. The main limitation of polymer injection is injectivity. However, the problem of 
injectivity has to be mitigated by the geomechanical response of the reservoir rock (unconsolidated 
sandstone) to polymer flooding. Due to the dilation-recompaction effect, previous experiences of field 
tests performed with polymer flooding showed better injectivity than expected. Simulations of dilation-
recompaction effect provide encouraging results and investigations to improve injectivity are ongoing. 
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Abstract 
PetroCedeno Field is an extra heavy oil field located in the Zuata region of the 
challenge of the field is to produce a very viscous oil (1500
with primary recovery process is low (between 4% and 6%)
injection. The purpose of polymer flooding is to decrease the mobility ratio between the displacing phase (the polymer 
solution) and the displaced phase (the crude oil). 
application is a challenge for such oil viscosity.
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showed excellent oil recovery (~60% after 1.6
prove benefits expected from polymer injection and to 
This paper presents the main results of the simulation of polymer injection in the 
from laboratory experiments are incorporated into the reservoir model
injection are studied through an exhaustive sensitivity study.
behaviour, polymer retention in porous media
the reservoir rock are assessed. In all cases, polymer injection shows significant oil rate improvement
cut. Polymer solution shear-thinning behavio
limitation of polymer injection is injectivity
response of the reservoir rock (unconsolidated sandstone)
previous experiences of field tests performed with polymer flooding 
dilation-recompaction effect provide encouraging results and 
Introduction 
PetroCedeno field is an extra heavy oil field
main challenge is to produce a very viscous oil (1500
venture and operated by PDVSA (60%), TOTAL S.A. (30.3%) and Statoil (9.7%). 
production was 585 MMbbl (1.8% recovery) and oil rate production was around 130 Mbbl/d in July 2010. However, the 
rate is produced at high water cut. Consequently, oil p
Estimated ultimate recovery factor with natural dep
was negotiated in 2030. 
The primary recovery process currently applied in PetroCedeno field is solution gas drive. 
natural depletion is due to the low solution gas
water injection needed for pressure support
Furthermore, injecting water would increase dramatically water cut and
capacity. Consequently, an enhanced oil recovery method is 
oil recovery is critical to improve the low recovery factor and to produce the remaini
2030. Current estimation of polymer injection 
a pilot is planned to be implemented in 2013 in one cluster of the reservoir. 
The purpose of this paper is to study the polymer injection in 
results from laboratory experiments and to 
results provide a set of kr curves for polymer flooding and the rheology of the po
• a review of previous experiences of polymer injection in very viscous oil
• a presentation of PetroCedeno oil field, laboratory measurements
• simulation results of the pilot cluster 
o a sensitivity study with the main parameters of polymer flooding
o impacts of polymer retention in porous media and polymer solution shear
and geomechanical consequences on injectivity,
o several production scenarios. 
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Figure 1 - Location of the PetroCedeno field and schematic N
Polymer injection in very viscous oil field
The aim of polymer flooding is to decrease the mobility ratio between 
displaced phase (the crude oil). In 1964, Pye and Sandiford 
recovery by changing the mobility of the brine compared to conventional water injection. 
reduced enough to reach a stable displacement of the injected fluid, 
mobility ratio is reduced not only by an increase of the polymer solution viscosity, but also by a decrease of the 
solution permeability (Pye 1964). However, the viscosity of oil used in core experiment was
viscosity of the PetroCedeno oil field (62
between oil and polymer solution compared to the PetroCedeno oil field
additional informations about physical phenomena linked to polymer flooding. 
high oil viscosity until 1977 when Knight and Rhudy underline
cp by using high molecular weight polymer
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Until 1997, it was believed that polymer injection 
al 1997, Taber and Martin 1997). However,
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screening criteria suggest applying polymer injection for viscous oil up to 1000
In 1998, a successful polymer injection 
field in Canada (Zaiton et al. 1998). The Pelican Lake has 
conditions. Polymer solution was injected with two parallel injectors supporting three horizontal producers. 
same main characteristics of the PetroCedeno field
encouraging the use of polymer flooding for PetroCedeno
oil rate history of one producer well during polymer 
implementation. 
In 2009, the first polymer flood on a field scale 
However, the Daqing Oilfield is a medium heavy oil field, with an oil viscosity of 10
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 and the same range of oil viscosity, providing
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PetroCedeno field, laboratory measurements and the pilot cluster 
Description of the PetroCedeno field. The PetroCedeno field is an extra heavy oil field located in the Orinoco belt. The 
hydrocarbon bearing reservoir zone is divided into 6 main reservoir units (A, B, C, D, E and F) with a depth range of 250 to 
700 meters (MSL). The relatively low depth results in a low initial reservoir pressure (between 580 psi and 725 psi) and the 
low temperature (around 116°F) gives good conditions for polymer flooding.  
The PetroCedeno field has two main types of environments: fluvial environment and deltaic environment. Pressure and 
production histories show that the deltaic reservoirs (A, B and C reservoirs) do not have an aquifer support while the fluvial 
reservoirs (D, E and F reservoirs) benefits from an aquifer. In Figure 1, a schematic stratigraphic N-S cross section of the 
reservoir shows the location of the aquifer. A detailed geological description of the PetroCedeno field can be found in the 
reference Martinius et al. 2012. 
The reservoir is highly permeable unconsolidated sandstone. The formation is characterized by a high porosity (15%-30%), 
and core and well test data indicate high horizontal permeability (between 1D and 40D) and a low anisotropy value (between 
0.1 and 0.3). 
In term of areal extent, PetroCedeno field covers 399 km². Oil production of the PetroCedeno field started at the end of the 
year 2000. The field is still produced by natural depletion with star pattern horizontal wells. Around 600 horizontal producing 
wells have been drilled; with perforation lengths between 1000 m and 1500 m. The oil has an 8-9° API with viscosity in the 
range of 1500–5000 cp at reservoir conditions. The produced crude oil is then diluted with naphtha, pumped to the main 
facilities and upgraded to synthetic 32° API oil. There is no water production in the deltaic reservoirs. In the fluvial reservoirs 
oil is produced with a high water cut (around 50%) because of the high mobility of water compared to oil; the water produced 
is then reinjected in the aquifer. The high mobility of water is explained by the high permeability of the reservoir rock while 
the oil viscosity is high at reservoir conditions. Hence injecting water as a second recovery process will drastically increase the 
water cut, which can be avoided with the use of polymer solution. 
 
An interesting analogue: the Pelican Lake heavy oil field: Pelican Lake is an extra heavy oil field located in Canada. The 
two main companies operating the area (CNRL and EnCana) have experienced successful pilot polymer flooding tests and are 
implementing polymer injection at field scale. Before polymer flooding, the companies have experienced water flooding at 
field scale. Current public data published by the operating companies after polymer flooding reveal significant increase of oil 
production compared to primary production and waterflood.  
Several screening criteria such as oil viscosity, permeability and porosity indicate that Pelican Lake is a relevant analogue 
for our pilot study (Table 1). In order to provide a preliminary set of kr before laboratory experiments, a simulation model of 
the field has been created with public data of the reservoir. History match of the Pelican Lake simulation model (Figure 2) 
provides a set of polymer/heavy oil kr curves at field scale. History match during polymer flooding has been performed with a 
polymer viscosity of 35 cp.  
 
Figure 2 - Match of the oil rate profile of the Pelican Lake field with polymer injection, example of one producer well  
Table 1 - Similarity between Pelican Lake field and PetroCedeno field 
 Pelican Lake field PetroCedeno field 
Depth 350 m – 450 m 305 m (for the pilot cluster) 
Predominant rock type Unconsolidated sandstone Unconsolidated sandstone 
Porosity 30% 35% 
Permeability 2000mD-5000mD 5000mD-30,000mD 
Oil viscosity 300 cp – 5000 cp 1500 cp – 5000 cp 
Well pattern Horizontal well, parallel pattern Horizontal well, star pattern 
300
200
100
0
Oi
lr
at
e 
(m
3/d
)
1998     1999   2000    2001  2002   2003  2004   2005   2006    2007   2008  2009
Polymer injection start
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Laboratory experiments. The laboratory measurements based on core flood experiments provide the rheology of the polymer 
and a set of kr for polymer flooding simulation.  
The rheology of the polymer determined by the viscometer of the laboratory is different from the in-situ reservoir rock 
rheology, because the polymer solution does not see the same in-situ shear rate than the viscometer. Hence viscosity values 
given by the viscometer cannot be used directly for polymer flooding simulation. Tortuosity and complexity of porous media 
complicates evaluation of in-situ shear rate. In order to evaluate the in-situ shear rate and the corresponding viscosities, 
different mathematical models have been developed. The model used is based on the work of Cannella et al. (1988) which 
provides the following relationship: 
 
γ   C 3n 	 14n 

 u
kS
 
 
Where γ  is the in-situ shear rate and n is the power law coefficient obtained by matching the polymer rheology viscometer 
curve. The coefficient C is a function of porosity and permeability, however, a constant value equal to 6 gives a correct 
estimation of the in-situ shear rate for most of the reservoir rock (Cannella et al. 1988). Darcy velocities and their 
corresponding saturations and permeabilities have been obtained during coreflood measurements. The polymer has a shear 
thinning behaviour: the viscosity decreases with the shear stress or with the Darcy velocity. 
 Coreflood experiments were performed at reservoir conditions. The polymer chosen for the field test is the FLOPAMM 
3630 because its high molecular weight (18.10g/mol) allows high fluid viscosity. Figure 4 gives the viscosity of the polymer 
solution with its concentration at 11  shear rate. The core was initially flooded with oil and flooded directly with polymer 
solution at a concentration of 2000 ppm. Oil recovery was around 60% of OOIP after 1.66 PV injected of polymer solution, 
showing excellent recovery potential of direct polymer flood. Instability displacement is emphasized with a polymer front 
velocity around 5 times the velocity of the polymer solution injected (X-ray scans performed on the core during the polymer 
injection give a polymer front velocity of 0.2 ft/d, with a velocity of the polymer solution injected of 0.04 ft/d). The first 
polymer solution breakthrough occured at a velocity of 0.31 ft/d with a 0.3 PV polymer solution injected. Figure 6 summarizes 
the rheology of the polymer solution, with the velocity of the polymer front and the polymer injected velocity. 
Kr polymer curves are provided by a match of a set of results with a 1D simulation model at the viscosity of the polymer 
front (60 cp). This kr curves need to be adapted for a simulation model, however, an adapted upscaling of direct polymer 
injection in extra heavy oil has not yet been developed. Thus the kr curves from core experiments have been incorporated 
without upscaling. Research to develop an upscaling methodology for relative permeabilities of polymer fluid in viscous oil is 
ongoing. Because no fine grid of the model was available for the field test cluster, the best option was to perform sensitivity 
studies with different kr curves. Pelican Lake kr curves are adapted to field scale and hence provide a good comparison with 
laboratory kr curves. Table 2 gives a summary of available kr for the study of the field test. 
 
Table 2 - Summary of the available relative permeability curves used for the field test study 
Kr available  Fluid  Description 
PetroCedeno RC cluster kr Water/Heavy oil History match of a cluster in fluvial environment  
Pelican Lake kr Polymer 35 cp/Heavy oil Match of the Pelican Lake field model with a 35 cp polymer solution 
PetroCedeno laboratory kr Polymer 60 cp/Heavy oil From core experiments, 61 cp polymer solution injected during 1D 
simulation match 
 
Choice of the pilot cluster. Several criteria are taken into consideration to have a successful polymer injection pilot. The main 
objective of the pilot is to give a clear proof of the relevance of the polymer injection for the deltaic environment. The choice 
of the cluster must optimize the response of oil rate to the polymer injection. A relatively quick response and a high oil 
increment to the polymer injection are expected compared to natural depletion and water injection. Screening criteria are 
divided into 2 parts: static reservoir characteristics and dynamic reservoir criteria.  
The following static reservoir characteristics that have been taken into account are:  
• Reservoir thickness: the reservoir thickness should be relatively small (between 5 m and 15 m) to reduce the volume 
of the polymer injected, to have a rapid response of the polymer injection and to limit vertical heterogeneity.  
• Reservoir quality: A good lateral continuity is necessary to have a good communication between injectors and 
producers.  
The following dynamic reservoir criteria that have been considered are:  
• Reservoir without water production: if water already exists in some parts of the reservoir, injected polymer fluid will 
flow throw preferential path, reducing sweep efficiency. 
• Reservoir depletion status: highly depleted reservoirs are not considered good pilot candidates for the following 
reasons:  
o The response to polymer injection can be long due to repressurization of the reservoir 
Polymer injection in extra heavy oil field in Venezuela  5 
 
o The non-uniform reservoir depletion can lead to lateral pressure gradients and have negative impacts to the 
performance of the field test. 
• Good production performance: clusters presenting wells with oil rate less than 200 bbl/day were not selected.  Wells 
with GOR higher than 300 scf/bbl were eliminated from the selection because of the possible presence of a gas cap. 
 
Description of the cluster model. The selected cluster is in the deltaic part of the reservoir (part B2) between 280 m and 344 
m TVDSS. The cluster has 5 production wells, and 3 injection wells are planned to be drilled for the purpose of polymer 
injection. The cluster started production at the end of September 2009 with 3 producers (SD19, SD21 and SD22). The three 
other well producers SD15, SD29 and SD30 are producing from the end of 2010. Both producer and injector wells are limited 
to a liquid rate of 3000 bbl/day.  
Average grid size is 50 m by 50 m by 2 m, providing good compromise between representation of the sweep efficiency and 
the CPU time performance. The distance between injectors and producers is between 200 m and 300 m. Detailed data of the 
cluster are provided in the table 3. Figure 3 provides the location of the well producers (SD15, SD19, SD21, SD22, SD29 and 
SD30) and location of injectors for the base case (I1, I2 and I3). The possibility of a different injection well pattern is 
discussed later in this paper. 
 
 
Figure 3 - Map of the pilot cluster (permeability in mD) at the layer of the injection wells I1 and I2, and location of the well perforations 
 Table 3 - Summary of main characteristics of the pilot 
Initial reservoir conditions 
Initial pressure 515 psi 
Initial temperature 116 °F 
Initial oil saturation 0.6-0.9 
Fluid properties 
Bubble point pressure  600 psi 
Average viscosity of oil 2700 cp 
Rock properties 
Dominant rocktype Unconsolidated sandstone 
Average NTG 0.3 
Average porosity 30% 
Average permeability 31D 
Anisotropy 0.1 
Well data 
Well pattern Horizontal wells, star pattern 
Well perforation length  600 m -1400 m 
 
Figure 4 - Viscosity of the polymer solution versus the concentration 
of the polymer injected 
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Pilot model simulation with polymer injection 
Methodology of the study. The study of polymer flooding in the cluster model is divided into the following parts:  
• History match of the cluster: history match of the cluster has been performed with available data of each producer 
well (oil rate, GOR and BHP).  
• Sensitivity study: sensitivity study has been performed with the main parameters of the polymer flooding. The base 
case of the sensitivity study was selected from a previous study of the field test (highlighted in blue in table 4). The 
purpose of the sensitivity study is to find parameters affecting oil rate, water cut and injector BHP with updated 
history match model of the cluster and to provide an optimize set of parameters for polymer injection.  
• Study of physical phenomena with polymer injection and incorporation of laboratory measurements: shear-thinning 
behaviour of the polymer solution, retention of polymer solution in porous media and injectivity are evaluated.  
• Production scenarios: different production scenarios are simulated to consider damaged wells, different injector well 
pattern, and comparison with water injection. 
 
History match of the cluster. History match of the cluster is difficult because of the lack of history data (from the end of 2009 
to the end 2010) and the irrelevance of GOR data. However, history data show abnormal low oil rate for 2 producers (SD29 
and SD30), despite favourable productivity log data. During the history simulation, low values of BHP given by the history 
data are matched by adding a skin to the 2 producer wells. The match can be also reached by closing some perforations of the 
2 producer wells. The impact of damaged producer wells with polymer injection is discussed later. 
 
Sensitivity study results. An important focus is made on water cut and injector BHP results: polymer injection has a 
significant impact in water cut reduction but can lead to high values of injector BHP. Table 4 summarizes impact of the main 
parameters governing polymer injection and Figure 5 gives an example of sensitivity results. In all cases, polymer injection 
starts on 2013 and polymer solution is modeled by a Newtonian fluid. One important assumption of these sensitivity cases is 
that injector BHP does not have a pressure constraint; this assumption is discussed later in this paper. We can conclude from 
the sensitivity study the following points: 
• The main sensitive parameters affecting oil rate, water cut and BHP injector responses are the injection rate, the 
polymer viscosity and the kr curves. 
• A small amount of polymer solution significantly increases oil production:  
For a polymer concentration of 1000 ppm corresponding to a viscosity of 30 cp, quick oil response is expected few 
months after the injection start, with a peak of the oil production 1 year after the start of injection. Cumulative oil 
values at the end of the license show great improvement: +100% compared to depletion and +60% compared to water 
injection. Increasing the polymer viscosity above 60 cp does not improve considerably oil production (Figure 5). 
• The duration of injection can be reduced to 5 years with an injection rate of 3000 bbl/day per injector well: 
Polymer solution quantity injected at 3000 bbl/day per injector during 5 years sweeps the volume of oil between 
injectors and producers. The relatively small distances between producers and injectors (between 200 m to 300 m) is 
a key parameter to reduce the amount of polymer injected. 
• For most scenarios, injector BHP can reach values above the initial pressure of the reservoir during polymer injection:  
Simulated BHP of injector wells of increase linearly with the viscosity of the polymer solution and the rate of 
injection. However, because of the dilation effect in unconsolidated sandstone reservoir, injector BHPs are 
overestimated. A more detailed discussion about high values of injector BHPs and dilation effect is provided later in 
this paper. 
 
 
Table 4  - Summary of the sensitivity study. The base case used during the sensitivity study is highlighted in 
blue. 
 PARAMETERS IMPACT ON Oil rate/Water cut BHP injector 
Pr
o
du
ct
io
n
 
co
n
st
ra
in
ts
 
Rate of injection per well  
1000 bbl/d; 2000 bbl/d; 2500 bbl/d; 3000 bbl/d;  High < 2000 bbl/d High 
Duration of injection 
1 year; 2 years; 5 years; 10 years; 17 years (until 
the end of the license) 
High < 5 years, 
Low > 10 years Low 
BHP constraint on injectors 
500 psi; 1000 psi; no constraint Low > 1000 psi  
M
o
bi
lit
y 
ra
tio
 
Polymer viscosity (Newtonian fluid) 
10 cp; 30 cp; 60 cp; 90 cp;  
High < 30 cp 
Low > 60 cp High 
kr curves 
Set of 3 kr curves (RC, Pelican Lake, Lab) 
High 
Polymer injection in extra heavy oil field in Venezuela  7 
 
 
Figure 5 - an example of sensitivity results on oil rate and oil cumulative response with different polymer viscosities.  
 
Study of physical phenomena with polymer injection. Three main physical phenomena linked to polymer injection are 
investigated during this study: the rheology of the polymer (more specifically the shear-thinning behaviour of the polymer), 
the polymer retention in porous media and the geomechanical impact of polymer flooding. For the simulations of this section, 
the injection starts at 2013 until the end of the license in 2030. The polymer solution is injected at 3000 bbl/day per injector at 
a concentration of 2000 ppm. 
  
Polymer rheology. In fact, the polymer solution is a non-Newtonian fluid. The polymer solution exhibits a shear-thinning 
behaviour: the viscosity of the polymer solution decreases with the increase of the in-situ shear thinning or the increase of the 
Darcy velocity. However, for low polymer velocities, the polymer solution has a Newtonian behaviour (a constant value of 
viscosity for a range of low Darcy velocity, Figure 6). To assess the impact of polymer shear-thinning behaviour, two polymer 
behaviours are considered: 
• Polymer with Newtonian behaviour: the polymer solution has a constant viscosity value depending of the 
concentration of the polymer solution (Figure 4). Small variations of polymer viscosity in the reservoir may occur by 
dilution of the polymer solution with water of the reservoir and with rock adsorption of the polymer solution 
• Polymer with non-Newtonian behaviour: the polymer solution injected is not a Newtonian fluid (the viscosity of the 
polymer injected depends of the in-situ shear rate or the Darcy velocity of the fluid injected). The polymer viscosity 
solution is calculated with the shear-thinning law of the Figure 6 (red curve). 
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Figure 6 - Non Newtonian/Newtonian behaviour of the polymer solution injected for a concentration of 2000 ppm  
The highest Darcy velocities are around the injection wells; hence much of the shear thinning effect occurs within the 
injection well grid blocks. In well grid blocks, the viscosity of the polymer solution can be overestimated. To account for the 
non-Newtonian behaviour within the well grid blocks, a negative skin is added on injector wells to correct the overestimation 
of the polymer viscosity. 
 
 
Figure 7 - Comparison between a Newtonian behaviour and a non-Newtonian behaviour with a polymer solution of 2000 ppm  
Results in Figure 7 do not show significant impact on oil cumulative. The injector BHP can be overestimated with the 
Newtonian fluid simulation but the difference with a non-Newtonian behaviour remains small (difference between 100 psi and 
300 psi). Correction with skin does not provide significant change of oil cumulative and injector BHP. Hence we can use with 
confidence a Newtonian behaviour for the injected fluid during the simulations. However, in order to evaluate precisely BHP 
of injectors, a non-Newtonian behaviour simulation is recommended. 
 
Effect of polymer retention in porous media. Several consequences of the polymer retention in porous media are studied: 
• The reduction of polymer solution concentration as a direct consequence of the rock adsorption, mechanical 
entrapment or hydrodynamical retention. A typical value of 50µg of polymer adsorbed by 1g of reservoir rock has 
been chosen (Sorbie 1991) 
• The reduction of relative porosity: large molecules of the polymer solution can be trapped in small pore sizes and 
reduce the porosity of the reservoir rock (Sorbie 1991). However, a very low effect of the porosity reduction is 
expected because of the high porosity of the reservoir (average porosity of the reservoir: 30%). 
• The reduction of permeability: polymer solution increases the viscosity of the injected fluid, reducing mobility ratio. 
Some studies (Pye 1964, Mungan 1969) proved that the mobility is not only reduced by an increase of the polymer 
viscosity, but also by a reduction of the permeability. The residual resistance factor parameter characterizes the 
reduction of the permeability. Residual resistance factor decrease with an increasing permeability (Pye 1964). Hence 
because of the high permeability of the reservoir rock (average permeability of 31D), relatively small values of the 
residual resistance factor is expected. Typical values of residual resistance factor for high permeabilities are between 
1.1 and 2 (Schneider and Owens 1982).  
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Figure 8 - Effect of polymer retention in reservoir rock with the cumulative oil and polymer produced 
Results in Figure 8 show positive impact of the reduction of permeability (+5% in final oil cumulative) with a reduction of 
the water production. Adsorption, as well as porosity reduction does not have impact in final oil cumulative. Consequently, 
effects of polymer adsorption are not the primary concern of polymer flooding. The first concern remains the problem of 
injectivity and the geomechanical consequences, detailed in the following section. 
 
Geomechanical impact. For most of the scenarios simulated, the BHP of injectors increase dramatically during injection: 
pressure in the reservoir during injection can reach twice the initial pressure of the reservoir. High values of pressure during 
injection are explained by a high injected fluid viscosity. However, because of the nature of the reservoir rock (unconsolidated 
sandstone), BHP of injectors are not reliable and can be overestimated. To calculate the pressure in the reservoir correctly, the 
mechanical behaviour of the reservoir rock must be taken into account. In unconsolidated sandstone, deformation phenomena 
of the reservoir rock are modelised by the dilation-recompaction effect as illustrated in Figure 9 (Beattie et al. 1991): the 
porosity and the permeability increase with pressure (Figure 9). From the initial pressure to a threshold pressure !", the rock 
has an elastic response. Above the pressure !" , the porosity increases dramatically with pressure characterized by a change of 
reservoir compressibility. After the end of the injection period, pressure of the reservoir decreases and reservoir has an elastic 
behaviour.  
 
#   #exp 'c)p * p+, 
 
#: porosity of the reservoir at pressure ! 
#-: porosity of the reservoir at reference pressure !- 
c: compressibility of the reservoir. The 
compressibility during the dilation effect is higher 
than the compressibility during the elastic effect  
 
k.,0,1   k2,.,0,1 exp K4567,.,0,1 # * #21 * #2 
 
89,:,;: absolute permeability of the reservoir at 
pressure !, for the <, =, > directions. 
82,9,:,; and #2: absolute permeability and porosity of 
the reservoir at pressure !2 (pressure of the reservoir 
before polymer injection) 
>?@AB,9,:,;: user-defined multiplier  
Figure 9 - Dilation-recompaction effect in unconsolidated sandstone, Beattie et al. 1991 
There is no geomechanical study performed for PetroCedeno field hence parameters of the dilation model are uncertain. 
The purpose of the dilation simulations is to know if reducing the reservoir pressure can be significant with the dilation effect. 
Reduction of the reservoir pressure by the dilation effect can open the possibility of high injection rates without reaching high 
pressure during injection. Values of the dilation model used in the simulations are based on previous polymer flooding 
background with unconsolidated sandstone reservoir. For the simulations of this section, the pressure  !"  is the initial pressure 
of the reservoir (515 psi). The average pressure !2 of the reservoir before polymer injection is 300 psi. The maximum increase 
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in porosity is 5% the initial porosity of the reservoir before polymer injection. The compressibility of the reservoir during the 
dilation effect is 5 times the initial compressibility of the reservoir.  
 
Figure 10 - Dilation effect with injection of polymer solution at 1000 bbl/d per injector.  
The Figure 10 provides the simulation of the dilation effect with injection of polymer solution at a rate of 1000 bbl/d per 
injector. In order to underline the dilation effect, injector BHP values are plotted with the following situations: 
1. Polymer injection of 1000 bbl/day per injector, with simulation of the dilation effect 
2. Polymer injection of 1000 bbl/day per injector, without simulation of the dilation effect 
3. Polymer injection of 500 bbl/day per injector, without simulation of the dilation effect 
Situations (1) and (2) suggest that BHP may be overestimated without simulation of the dilation effect. Injection of polymer at 
1000 bbl/day without dilation (situation (1)) increases BHP values of 300 psi compared to situation (2). This overestimation of 
injector BHP values opens possible increase of injection rate without dramatically increasing injector BHP. Indeed, situations 
(1) and (3) give similar BHP values, with maximum values for both situations of 600 psi. However, in the situation (1), 
injection rate is twice the injection rate of the situation (3). This increase of the injection rate provides improvement of oil rate 
increment: +12% one year after injection start and +42% three years after injection start.  
This first investigation of the dilation effect simulation gives encouraging results about reduction of the simulated injector 
BHP values. However, these results must be better qualified uncertainties of the dilation model parameters. Furthermore, as 
observed before, a non-Newtonian model of the injected fluid can affect correct estimation of injector BHP. Lastly, calculation 
of reservoir pressure in the dilation model is strongly dependant of the porosity and the permeability. As the simulation model 
of the pilot cluster has not been adapted to the purpose of the dilation effect simulation, accurate estimation of the reservoir 
pressure may need a better grid refinement. 
 
Different production scenarios. Production scenarios are envisaged with damaged producer wells, different injection well 
pattern, and different injection rate profile. A comparison between water injection and polymer injection is also detailed. For 
all the scenarios, injection starts on 2013 with a duration of injection of 5 years and with a polymer viscosity of 60 cp. Free 
BHP constraint on injectors corresponding to an optimistic dilation effect to polymer injection is assumed. 
 
Damaged producer wells. History data from producer wells indicate damaged wells for producer wells SD29 and SD30. 2 
scenarios representing damaged wells for producers SD29 and SD30 are envisaged. For the 2 damaged well scenarios, 
particular concern is made to keep the history match of the BHP and the oil rate:  
• Scenario “Damaged well 1”: scenario with closed perforations distributed homogeneously on the wells. In this case, 
75% of the perforations are closed for the well SD29 and 50% for the well SD30. 
• Scenario “Damaged well 2”: scenario with closed perforation at the extremities of the wells. In this case, 17% of the 
perforations are closed for the well SD29 and 30% of the perforations for the well SD30. 
This 2 scenarios are compared with the base case where damaged wells were represented by a positive skin (S=10 for 
SD30 and S=25 for SD29). The base case without skin is also plotted to underline the impact of damaged wells SD29 and 
SD30 but this case does not match the BHP of the 2 damaged wells. 
Results in Figure 11 show excellent oil rate response for all the scenarios. Cumulative oil is slightly affected by damaged 
wells (less than 10% compared to the base case). Production peak is reached 1 or 2 years after the injection start. Figure 11 
shows the oil rate with the most damaged well (well SD29). For the most damaged well, the oil increment compared to 
depletion is affected but all scenarios show clear evidence of polymer injection benefit. For the 2 scenarios envisaged 
(damaged well 1 and damaged well 2), the response to polymer injection is expected after few months, with an increment of 
1000 bbl/d after 1 year of injection. However, the main concern remains the high values of BHP injectors: simulation BHP 
values of injectors increase significantly with damaged well scenarios. Figure 11 shows an increase between 300 psi and 700 
psi compared to base case with skin. 
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Figure 11 - Different damaged well scenarios with their effects on the cumulative oil, oil rate of SD29 and BHP of I1 
Different injection well pattern. The purpose of testing different injection well patterns is to optimize the oil cumulative with 
a better location of injector wells regarding to SD29 and SD30 damaged wells. Injection well pattern with 2 injector wells and 
3 injector wells are studied in order to investigate possible reduction of the number of the injection wells. Several injection 
well patterns are summarized in Figure 12. 
 
 
Figure 12 - Response of oil rate and oil cumulative with different injection well patterns 
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Results are summarized in Figure 12. As expected, final oil cumulative with a 3 injector well pattern is better than a 2 
injector well pattern. However, the difference is small between the base case and the 2 injector wells pattern B (less than 5%). 
The benefit of adding a third well is relevant when we compare the 3 injector wells pattern B and the 2 injector wells pattern A 
(+30% in final oil cumulative). Adding a third injector well does not necessarily improve oil rate response: oil rate response to 
polymer injection is similar for 3 injectors pattern B and 2 injectors pattern B.  In all cases, increment of oil rate compared to 
depletion is obvious (+4000 bbl/d 1 year after injection for all cases). Hence, for the purpose of the field test, limiting the 
number of injector wells from 3 to 2 does not affect the success of the pilot test. 
 
Comparison: water injection/polymer injection. During the simulations, the pressure of the reservoir increases dramatically 
and can reach twice the initial pressure of the reservoir. The purpose of this section is to determine if the improvement of oil 
production during polymer injection comes from repressurization of the reservoir or comes from a better sweep efficiency. In 
order to assess the efficiency of the sweep efficiency with polymer injection, a comparison between water injection and 
polymer injection has been carried at iso-gradient of pressure. Figure 13 shows the path between the injector I1 and the 
producer SD30 chosen to carry the iso-gradient pressure comparison.  The following situation gives similar gradient of 
pressure: 
1. The injection of water at 3000 bbl/d per injector  
2. The injection of polymer of 60 cp at 400 bbl/d per injector 
Results are summarized in Figure 13 and Figure 14. Water injection provides a very quick response due to high mobility of 
water; the peak in oil production occurs 2 months after the injection start. However, because of the high mobility contrast 
between water and oil, liquid rate limit of producer wells (3000 bbl/d) is reached rapidly, and oil is produced at high water cut 
(Figure 14). Oil rate increment stays the same throughout water injection duration. Oil rate has a slow response to polymer 
flooding, but rate increment increases during injection and oil is produced with no water cut, showing better sweep efficiency 
than water injection. Cumulative oil responses indicate a better oil recovery with polymer injection (+25% compared to water 
injection and +33% compared to natural depletion at the end of the license). A quicker response with polymer injection is 
possible by increasing the fluid rate injected but leads to high BHP values (Figure 10). 
 
 
Figure 13 - Comparison iso-gradient between water injection and polymer injection. The map of the pressure (top-right) and the 
corresponding plot of the pressure (top-left) are at the layer of injector wells I1 and I2 in 2014 (1 year after injection start) 
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Figure 14 - Comparison iso-gradient between water injection and polymer injection, with the map of oil saturation at the end of water 
and polymer injection (in 2018).  
Alternating polymer injection/shut-in. As mentioned before, due to high viscosity of the injected fluid, the injection of 
polymer leads to repressurization of the reservoir. To explore the possible benefit of this repressurization, scenarios of 
injections are envisaged by alternating periods of injection followed by periods of shut-in. During periods of injection, oil is 
pushed toward injector wells and reservoir pressure increases. During shut-in periods, oil is produced by the pressure gradient 
provided during periods of injection. The base case (injection during 5 years without interruption) is compared with a scenario 
of injection/shut-in alternation of a 1 year frequency and a 1 month frequency. In all cases, the same amount of polymer is 
injected.  
 
 
Figure 15 - Alternating polymer injection/shut-in with a frequency of 1 year and 1 month 
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Figure 15 shows that the best final oil cumulative value is reached with the 1 month injection/shut-in frequency. In this 
case, a longer response of oil rate is expected. These results suggest that possible exploitation of the reservoir repressurization 
is possible by finding an optimize injection/shut frequency.  Nevertheless, the efficiency of the repressurization should be 
better qualified. During this simulation, dilation effect of the reservoir rock has not been added. As dilation effect reduces 
repressurization, alternating polymer injection/shut-in can have less beneficial effect than expected. Accurate estimation of the 
polymer injection/shut-in scenarios must take into account the effect of the dilation. 
 
Conclusion 
Polymer flooding for extra heavy oil fields is a promising solution for enhanced recovery process. Success of polymer 
injection field test on Pelican Lake field (an analogue of PetroCedeno field), core experiments with polymer flooding 
performed for PetroCedeno field, and simulation of polymer injection with the pilot test model are evidence of oil recovery 
improvement with polymer injection. Implementation of polymer flooding on Pelican Lake field indicates attractive operating 
costs (5-6 $/bbl). From the PetroCedeno pilot simulation results, we can provide the following conclusions:   
1. Numerous consequences of polymer retention in porous media such as polymer adsorption in reservoir rock, effective 
porosity reduction and permeability reduction have negligible effects on oil production. 
2. For the polymer concentration concerned (2000 ppm), shear-thinning representation and Newtonian representation of 
the polymer fluid provide similar oil responses. A Newtonian representation of the polymer fluid may give a slight 
overestimate of injector BHP. 
3. The main uncertainty of reservoir data during polymer injection is the polymer/heavy oil relative permeabilities 
curves. Upscaling metholodogy for polymer relative permeabilities curves is still under development.  
4. During polymer injection, benefits of repressurization of the reservoir may be exploited by alternating periods of 
polymer injection and period of shut-in. However, the importance of reservoir repressurization has to be the dilation-
recompaction effect of the unconsolidated sandstone reservoir rock. 
5. The main limitation of polymer flooding is injectivity. During polymer flooding, simulated reservoir pressure can 
reach twice the initial pressure of the reservoir. Nevertheless, problem of injectivity must be better qualified with the 
dilation-recompaction effect. 
First simulations of the dilation-recompaction effect give encouraging improvement of the injectivity and more realistic 
values of injector BHP. However, more studies are needed to accurately assess the effect of dilation with the field test results. 
Furthermore, as the main uncertainty of reservoir data is the polymer/heavy oil relative permeabilities curves, field test results 
will provide key results to adapt 1D relative permeabilities into field scale. 
 
Nomenclature 
γ  = shear rate in porous media, s 
C = constant of the shear rate Cannella et. al (1988) law 
n = power-law exponent given by the rheology law given by the viscometer 
u  = Darcy velocity of the polymer, cm/sec 
k  = permeability of the polymer, cm² 
Φ  = porosity, fraction 
S   = saturation of the polymer, fraction 
c  = compressibility of the reservoir, psi 
p  = pressure of the reservoir, psi 
p  = reference pressure of the reservoir, psi #  = porosity of the reservoir at pressure p, fraction #2  = porosity of the reservoir at initial reservoir pressure, fraction k.,0,1  = permeability at I, J, K directions, mD 
k2,.,0,1  = permeability at I, J, K directions at initial reservoir pressure, mD 
K4567,.,0,1  = user-defined multiplier in the dilation-recompaction model 
BHP = Bottom-Hole Pressure, psi 
RRF = Residual Recovery Factor, dimensionless  
PV = Pore Volume, bbl 
S = Skin, dimensionless 
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Appendix 
Appendix A: Critical Literature Review 
 
Table A- 1 Summary of the critical literature review 
Paper Year Title Authors Contribution 
Journal of 
Petroleum 
Technology 
1964 Laboratory and Field Studies 
of Water Floods Using 
Polymer Solutions to Increase 
Oil Recoveries 
 
Sandiford , B.B 
 
First papers about polymer 
injection as an efficient 
recovery process.  
Polymer injection decreases 
water mobility by increasing 
water viscosity 
 
Journal of 
Petroleum 
Technology 
1964 Improved Secondary 
Recovery by Control of Water 
Mobility 
Pye, D.J 
Journal of 
Petroleum 
Technology 
1966 Some aspect of polymer flood Mungan, N., 
Smith, F.W., 
Thompson, J.L. 
First paper showing that 
polymer flood affects 
mobility by both increase of 
viscosity and decrease in 
permeability 
Journal of 
Petroleum 
Technology 
1968 Rheology and Adsorption of 
Aqueous Polymer Solution 
Mungan, N. First paper showing that 
polymer solution is affected 
by temperature. Polymer loss 
is higher  in unconsolidated 
sand (effect of adsorption) 
Journal of 
Canadian 
Petroleum 
Technology 
1977 Recovery of High-Viscosity 
Crudes by Polymer Flooding 
Knight, B.L. and 
Rhudy, J.S. 
 
First paper which proves the 
relevance of polymer 
injection for very viscous oil 
by using high molecular 
weight polymer, with an oil 
viscosity up to 1140cp. 
SPE Journal 1982 Steady-State Measurements of 
Relative Permeability for 
Polymer/Oil Systems 
Schneider, F.N. 
and Owens 
First paper providing relative 
permeability measurements 
with polymer flooding 
The 
International 
Centre for 
Heavy 
Hydrocarbons 
1998 Implementing a Heavy-Oil 
Horizontal-Well Polymer 
Flood in 
Western Canada 
Alain Zaitoun, 
Renè Tabary, 
Jean-Pierre 
Fossey and 
Tim Boyle 
First paper presenting a heavy 
oil field with high viscosity 
(600cp-1000cp), with a 
successful polymer injection 
recovery in a pilot test. Field 
extension is currently 
ongoing. 
SPE 109228 2007 Effect of the Visco-elasticity 
of Displacing Fluids on the 
Relationship of Capillary 
Number and Displacement 
Efficiency in Weak Oil-Wet 
Cores 
Wu Wenxiang, 
Wang Demin, 
Jiang Haifeng 
First paper affirming that 
polymer flooding can reduces 
oil saturation by the study of 
the visco-elastic behaviour of 
polymer. (It was commonly 
believed that oil saturation is 
not reduced by polymer 
flooding) 
SPE 118746 2009 An Updated and Perspective 
on Field-Scale Chemical 
Floods in Daqing Oilfield, 
China 
Hui Pu, Qinglong 
Xu 
 
A first successful example of 
polymer flooding at field 
scale, but for a medium heavy 
oil field (viscosity = 10cp) 
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J. Pet. Tech (August 1964) 917-922 AIME Vol.231 
 
 
Title: Laboratory and Field Studies of Water Floods Using Polymer Solutions to Increase Oil Recoveries 
 
Author: B.B, Sandiford 
 
Contribution to the understanding of EOR heavy oil polymer injection: mobility of brine is greatly 
reduced by adding small amount of polymer (hydrolyzed polyacrylamide), resulting in greater oil 
recovery. First paper published about polymer injection as an efficient recovery process. 
 
Objective of the paper: demonstrating that polymer flooding is more efficient that water flooding. 
 
Methodology used:   
• Measurements in laboratory of water-oil ratio vs % of OOIP with small cores. 
• Some field examples are also described. 
 
Conclusion reached:  
• Injecting polymer (hydrolyzed polyacrylamide) in water, even in small quantity decrease the 
mobility of water and increase the oil recovery, for a range of oil viscosity and inhomogeneous 
system. 
• Commercial application is possible for a variety of fields. 
• Oil viscosity = 62 cp 
 
Comments: 
• Same conclusion reached the same year by Pye, D.J. 
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Journal of Petroleum Technology, 1966 
 
 
Title: Some aspect of polymer flood 
 
Author:  Mungan, N., Smith, F.W., Thompson, J.L. 
 
Contribution to the understanding of EOR heavy oil polymer injection: The reduction of water mobility 
by polymers is due in part to increase in solution viscosity and in part to core permeability reduction. This 
conclusion has been suggested by Pye in 1964. 
 
Objective of the paper: Study of adsorption of polymers and transport, rheology of the polymer solution 
and oil recovery efficiency.  
 
Methodology used:   
• Experiments in laboratory with cores 
 
Conclusion reached:  
• Reduction of water mobility by polymers is due in part to increase in solution viscosity and in part 
to core permeability. 
• Polymer concentration, type and molecular weight reduction, as well as water salinity, pH, 
capillary properties of the porous rock and type of crude oil affect mobility of polymer solutions. 
• Polymer flooding may increase oil recovery by improved volumetric sweep efficiency. 
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Journal of Petroleum Technology, 1968 
 
 
Title Rheology and Adsorption of Aqueous Polymer Solution 
 
Author: Mungan, N. 
 
Contribution to the understanding of EOR heavy oil polymer injection: Study of adsorption for 
unconsolidated sandstone (which is higher in such reservoir than sandstone reservoir) and effect of 
temperature in the stability of the polymer in the reservoir. 
 
Objective of the paper: polymer adsorption determination for different concentration of polymer and 
degradation with temperature, reduction of the polymer viscosity with water solution properties. 
 
Methodology used:   
• Experiments in laboratory with cores 
 
Conclusion reached:  
• The viscosity of polymer solutions depends to a large extent on the shear rate, the salinity, the pH 
and the molecular weight. 
• The polymers undergo thermal degradation between 275 and 300°F.  
• Adsorption on unconsolidated sandstone and silica sand ranged from 30 to 880 
microgrammes/grammes of rock. In consolidated porous media adsorption was significantly less, 
the maximum being 160 microgrammes/grammes of rock 
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SPE 4745 (1974) 
 
 
Title: Polymer Flooding: The Essential Elements for Laboratory Evaluation 
 
Author: Chauveteau, G., Kohler, N., Institut Francais du Petrole 
 
Contribution to the understanding of EOR heavy oil polymer injection: degradation of polymer with 
oxygen and some bacteria observed in laboratory. 
 
Objective of the paper: showing that accurate experimental conditions in laboratory are necessary in 
order to have representative data. Carefully enumerate physical phenomena that appear in a laboratory 
polymer flooding experiment 
 
Methodology used:   
• Measurements in laboratory in long duration floods with sands packs.  
 
Conclusion reached:  
• Polymers can be absorbed by the rock, in an irreversible way. 
• The effective porosity reached for a polymer is reduced compared to water alone. 
 
Comments:  
• The experiences use sandpacks and not sample from a reservoir 
• Oil viscosity = 40 cp 
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Journal of Canadian Petroleum Technology p46-55 (1977) 
 
 
Title: Recovery of High-Viscosity Crudes by Polymer Flooding 
 
Author: Knight, B.L. and Rhudy, J.S. 
 
Contribution to the understanding of EOR heavy oil polymer injection: using high molecular weight 
polymer increase significantly the recovery efficiency with polymer injection. First paper which 
underlines the great advantages of polymer injection for heavy oil by using high molecular weight 
polymer, with an oil viscosity up to 1140 cp. 
 
Objective of the paper: study of the recovery of high viscous crude oil by polymer flooding. 
 
Methodology used:   
• Measurements in laboratory with sands pack with 1 layer of sand. 
 
Conclusion reached:  
• High molecular weight polyacrylamides increases the recovery of low-gravity (highly viscous) 
crude oil by polymer flooding 
• Applicable in high permeability reservoir 
• Effect of polymer flooding in the rock reservoir: denudation that can affect the oil recovery 
 
 
Comments:  
• The experiences use sandpacks and not sample from a reservoir 
• Oil viscosity = 220 cp and 1140 cp  
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SPE Journal, 1982 
 
 
Title Steady-State Measurements of Relative Permeability for Polymer/Oil Systems 
 
Author: Schneider, F.N. and Owens  
 
Contribution to the understanding of EOR heavy oil polymer injection: Evaluation of relative 
permeability with different polymer solution  
 
Objective of the paper: Evaluate the impact of polymer flooding in relative permeability curves 
 
Methodology used:   
 
• Experiments in laboratory with cores 
 
Conclusion reached:  
 
• In water wet system, oil relative permeability remains unchanged with injection of polymer 
• In a water wet system, injection of polymer reduce water relative permeability 
• In oil wet system, injection of polymer has effect of both oil and water relative permeability 
curves, but the effect in oil relative permeability curves is difficult to assess. The effect in water 
relative permeability curve is the same as in water wet. 
• No significant change on relative permeability curves with type of polymer 
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The International Centre for Heavy Hydrocarbons, 1998 
 
 
Title Implementing a Heavy-Oil Horizontal-Well Polymer Flood in Western Canada 
 
Author: Alain Zaitoun, Renè Tabary, Jean-Pierre Fossey and Tim Boyle  
 
Contribution to the understanding of EOR heavy oil polymer injection: First paper presenting a heavy oil 
field with high viscosity (600 cp-1000 cp), with a successful polymer injection recovery in a pilot test. 
Field extension is currently ongoing. 
 
Objective of the paper: Presenting a field experience with polymer injection, in a high viscous oil field in 
Canada 
 
Methodology used:   
• Laboratory experiments 
• Numerical simulation  
• Pilot tests in the field 
 
Conclusion reached:  
 
• Laboratory experiments confirms the technical feasibility of the process 
• Forecasts based on simulations predict that oil recovery could increase from 5–10% OOIP for 
primary recovery to 20–25% for polymer-enhanced recovery, with expected operating costs close 
to that of primary production. 
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SPE 91787 (2004) 
 
 
Title: Field-Scale Polymer Flooding: Lessons Learnt and Experiences Gained During Past 40 Years 
 
Authors: Y. Du, SPE, New Mexico Institute of Mining and technology, and L. Guan, SPE, Texas A&M 
University 
 
Contribution to the understanding of EOR heavy oil polymer injection: the paper gives a quick critical 
summary of the history of the EOR polymer flooding with practical recommendations.  
 
Objective of the paper: examine the ranges of some important parameters within which successful 
polymer flooding has been achieved, lesson learnt and best practices. 
 
Methodology used: a compilation of field experiences and applications of EOR polymer flooding with 
lessons of experiences from the beginning of the polymer flooding history 40 years ago. 
 
Conclusion reached: Some conclusions that are well known in the EOR polymer flooding: 
• Polymer flooding permits to decrease the mobility ratio between water and oil, increasing sweep 
efficiency. 
• Polymer flooding does not reduce Sor. 
• Highest polymer flooding success is for viscosity of oil of 126 cp. (The Petrocedeno field studied 
by TOTAL for my project presents an oil viscosity between 1500 cp and 5000 cp). 
• Some key characteristics of a successful polymer flooding are: 
o A good permeability (20md to 2300md) 
o Not a high oil viscosity (<126 cp) 
o Stability with the rock (formation type and rock minerals) and the water salinity (no 
degradation of the polymer, resistance to shear-stress) 
o Favorable depth and T (T>300°F, deepest successful EOR polymer is 6500ft) 
o The earlier injection, the better the recovery. 
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SPE 109228 (2007) 
 
 
Title: Effect of the Visco-elasticity of Displacing Fluids on the Relationship of Capillary Number and 
Displacement Efficiency in Weak Oil-Wet Cores 
 
Author: Wu Wenxiang, Wang Demin, Jiang Haifeng 
 
Contribution to the understanding of EOR heavy oil polymer injection: for a choosing viscoelasticity 
parameters of the polymer properties and for a constant capillary number, the residual oil saturation can 
decreases with polymer flooding 
 
Objective of the paper: Study of the effect of the viscoelasticity of the polymer, proving that the elasticity 
of the displacing solution cannot be neglected.  
 
Methodology used:   
• Experiments with cores and different surfactant, polymers and water saturation. The oil sample is 
provided by the Daqing field in China (9.8 cp) 
 
Conclusion reached:  
• At the same capillary numbers, the higher the viscoelasticity of the polymer solution, the higher 
the recovery efficiency, the lower the residual oil saturation  
• In order to achieve a high flooding efficiency, both the capillary number and the elasticity should 
be increased. 
 
Comments:  
• Definition of the capillary number: Ca  µJK  where µ is the viscosity of the liquid, V is a 
characteristic velocity and  γ is the surface or interfacial tension between the two fluid phases. 
• Relatively low oil viscosity for a heavy oil field application (10 cp). 
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SPE 118746 (2009) 
 
 
Title: An Updated and Perspective on Field-Scale Chemical Floods in Daqing Oilfield, China 
 
Author: Hui Pu, Qinglong Xu 
 
Contribution to the understanding of EOR heavy oil polymer injection: A first successful example of field 
scale polymer flood, review of the history of the pilot tests from the beginning of the field life and 
extension to a complete polymer flooding. 
 
Objective of the paper: Review of recent development of pilot test and industrial scale application of 
chemical flooding in Daqing during last decade (Polymer and ASP flooding pilot tests). Experiences and 
lessons learnt. 
 
Methodology used:   
• Review of pilot test experiences and results 
• Combination of polymer improvement research in laboratory (improvement and stability and flow 
efficiency) and pilot tests 
• Presentation of main oil and water production results  
 
Conclusion reached:  
• Polymer flooding contributes significantly to the stable oil production in Daqing oilfleid, 
achieving important economic returns. 
• Combination knowledge from laboratory experimental studies, pilot test and field test application 
as a good methodology. 
• As a ternary recovery process,  pilot tests of ASP (Alkaline Polymer Surfactant) flooding is 
possible, research in laboratory and pilot tests ongoing  
 
Comments:  
• Most of the reservoir contains and oil viscosity at reservoir condition = 10 cp  
 
  
28  MSc Individual Project 
Appendix B: PetroCedeno field, cluster location and history match 
 
 
 
 
 
Figure B- 1 Location of the pilot cluster in PetroCedeno oil field 
 
 
Figure B- 2 Schematic distribution of the aquifer. The flushed zone has water saturation between 90% and 100%  
Aquifer
Flushed zone&aquifer
Flushed zone
No aquifer
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Figure B- 3 Oil and water rate production of PetroCedeno 
 
 
 
Figure B- 4 History match of the producer BHP with a given oil rate history, example of the well SD29 
The Figure B- 4 shows the history match of the producer BHP with the corresponding oil rate. BHP history data indicates 
lower BHP values than the BHP simulation values. BHP values were matched by changing the completion of the producer 
with different scenarios: a change of the completion by adding a positive skin (S=10) and a change of the completion by 
closing some perforations (Damaged well scenario 1: the closed perforations are distributed homogeneously on the producer). 
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Appendix C: Main sensitivity studies results 
 
Table C- 1 Summary of sensitivity results. The base case used for all the sensitivity study is highlighted in blue 
 
 PARAMETERS IMPACT ON Oil rate/Water cut BHP injector 
Pr
o
du
ct
io
n
 
co
n
st
ra
in
ts
 
Rate of injection per well  
1000 bbl/d; 2000 bbl/d; 2500 bbl/d; 3000 bbl/d;  High < 2000 bbl/d High 
Duration of injection 
1 year; 2 years; 5 years; 10 years; 17 years (until 
the end of the license) 
High < 5 years, 
Low > 10 years Low 
BHP constraint on injectors 
500 psi; 1000 psi; no constraint Low > 1000 psi  
M
o
bi
lit
y 
ra
tio
 
Polymer viscosity (Newtonian fluid) 
10 cp; 30 cp; 60 cp; 90 cp;  
High < 30 cp 
Low > 60 cp High 
kr curves 
Set of 3 kr curves (RC, Pelican Lake, Lab) 
High 
 
 
 
In order to determine which parameters of polymer injection affect oil production, water cut and BHP injector, a sensitivity 
study was performed with the main parameters of polymer flooding. The table C-1 summarizes the results of the sensitivity 
study. The details of the sensitivity study are provided by the following figures: 
• The Figure C-1 provides the sensitivity results with different rate of injection, 
• The Figure C-2 provides the sensitivity results with different duration of injection, 
• The Figure C-3 provides the sensitivity results with different BHP injector constraint, 
• The Figure C-4 provides the sensitivity results with different polymer viscosity values, 
• The Figure C-5 provides the sensitivity results with different kr curves. 
The base case is highlighted in blue on the Table C- 1. For the base case, the rate of injection is 3000 bbl/d, the duration of 
injection is 5 years, there is no BHP injector constraint for the base case, the value of the polymer viscosity is 60 cp and the 
base case kr curves are the Pelican Lake kr curves. Only one of those parameters is changed during a sensitivity study to 
different values indicated on the Table C-1 in order to evaluate its impact. For example, in the Figure C-1 which provides the 
sensitivity results with the rate of injection, the rate of injection is set to the values of 1000 bbl/d, 2000 bbl/d, 2500 bbl/d and 
3000 bbl/d, but the others parameters are set from the base case (duration of injection of 5 years, no BHP injector constraint, 
polymer viscosity of 60 cp, Pelican Lake kr curve). 
Only a qualitative observation on the oil rate/water cut and BHP injector is provided during this sensitivity result, 
summarized on the Table C-1. For example, the sensitivity results provided in Figure C-4 indicates that oil rate and water cut 
are very sensitive to polymer viscosity for values below 30 cp. However, for values above 60 cp, oil rate and water cut are less 
sensitive. As observed as well in Figure C-4, BHP injector is highly sensitive for all polymer viscosity values considered and 
increases linearly with an increase of polymer viscosity values.  
As mentioned in the main part of the report, the main parameters affecting oil rate, water cut and BHP injector are the rate 
of injection, the polymer viscosity and the kr curves. 
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Figure C- 1 Sensitivity results (oil cumulative, oil rate, water cut and BHP injector I2) with different rate of injection 
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Figure C- 2 Sensitivity results (oil cumulative, oil rate, water cut and BHP injector I2) with different duration of injection 
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Figure C- 3 Sensitivity results (oil cumulative, oil rate, water cut and BHP injector I2) with different BHP injector constraints 
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Figure C- 4 Sensitivity results (oil cumulative, oil rate, water cut and BHP injector I2) with different viscosity of the polymer solution 
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Figure C- 5 Sensitivity results (oil cumulative, oil rate, water cut and BHP injector I2) with different kr curves 
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